Evidence indicates that conventional protein kinase C (cPKC) plays a pivotal role in the development of retinal ischemic preconditioning (IPC). In this study, the effect of high intraocular pressure (IOP)-induced retinal IPC on cPKC isoform-specific membrane translocation and protein expression were observed. We found that cPKCc membrane translocation increased significantly at the early stage (20 min-1 h), while the protein expression levels of cPKCa and c were markedly elevated in the delayed retinal IPC (12-168 h) of rats. The increased protein expressions of cPKCa at 72 h and cPKCc at 24 h after IPC were further confirmed by immunofluorescence staining. In addition, we found that cPKCc co-localized with retinal ganglion cell (RGC)-specific marker, neurofilaments heavy chain (NF-H) by using double immunofluorescence labeling. These results suggest that increased cPKCc membrane translocation and up-regulated protein expressions of cPKCa and c are involved in the development of high IOP-induced rat retinal IPC.
Introduction
Retinal ischemia is clinically considered as one of the major causes of visual impairment and blindness. It involves ongoing and irreversible loss of specific classes of neurons in the retina, preferentially retinal ganglion cells (RGCs) (Osborne et al., 2004; Quigley, 1999) . Effective strategies for protecting the retina against ischemic injury still remain elusive. Ischemic preconditioning (IPC) refers to the phenomenon whereby a brief period of ischemia protects a tissue against subsequent severe ischemic insult. It has been demonstrated in myocardium, brain, skeletal muscle, and more recently in retina. Roth et al. (Roth et al., 1998) first reported that retinal IPC provides complete protection against retinal ischemic injury in rats. The protective effect of IPC is of great interest and extensive studies in vitro and in vivo have provided accumulated data on its potential mechanisms. Protein kinase C (PKC) has been implicated as a key mediator of the IPC events observed in various animals and organs (Bright & Mochly-Rosen, 2005; Kuno et al., 2007; Li et al., 2005; Raval, Dave, Mochly-Rosen, Sick, & Perez-Pinzon, 2003; Um, Matthews, Song, & Mun, 2005) .
The PKC family of serine/threonine protein kinases is known to participate in signaling pathways mediating critical intracellular events, including proliferation, differentiation, tumourigenesis, apoptosis, and synaptic transmission (Kanashiro & Khalil, 1998) . So far, at least ten PKC isoforms have been identified in mammals and classified into three subgroups based on their molecular structures and sensitivity to activators: conventional PKCs (cPKCa, bI, bII and c), requiring both Ca 2+ and diacylglycerol for activation; novel PKCs (nPKCd, e, g and h); and atypical PKCs (aPKCk and n) (Barnett, Madgwick, & Takemoto, 2007; Nishizuka, 1984) . PKCs are present abundantly in neural tissues including retina (Wood, McCord, & Osborne, 1997) , and their activations are generally marked by translocation from the cytosolic fraction to the particulate or membrane-related fraction (Kurkinen, Busto, Goldsteins, Koistinaho, & Perez-Pinzon, 2001; Niu et al., 2005) .
As part of the central nervous system (CNS), the retina shares many functional and structural characteristics with the brain. However, one striking difference between them is the relative resistance of the retina to an ischemic insult (Osborne et al., 2004) . Our previous studies have suggested that cPKCbII, c and nPKCe were involved in cerebral hypoxic preconditioning (HPC) (Li et al., , 2006 Niu et al., 2005) . In this study, we determined which cPKC isoforms might participate in the retinal IPC by observing the changes in cPKC isoform-specific membrane translocation as well as their protein expression levels in the retina of rat following high intraocular pressure (IOP)-induced retinal ischemia. 
High IOP-induced retinal ischemia
Our previously published procedures to generate the retinal ischemia model in rats were followed with minor modifications. Briefly, rats were initially anesthetized with pentobarbital sodium (50 mg/kg, i.p.) and the body temperature was maintained with warming lamp and heating pad. After pupil dilation and corneal analgesia occurred, anterior chamber of the right eye was cannulated with a 27-gauge needle connected to an elevated saline reservoir. The IOP was raised to 130 mm Hg for only 5 min and reperfusion was allowed for a period of 10 min up to 168 h. Retinal ischemia was confirmed by the blanching of the iris and retinal circulation. Sham-operated eyes were treated in the similar way but without elevating the reservoir. To prevent infection, antibiotic ointment was applied topically after the procedure. If there existed lens damaging, excessive hemorrhaging, or other ocular complications, the rats were discarded and immediately euthanized.
Subcellular fractionations and whole tissue homogenate preparations
According to previous studies Niu et al., 2005) , the liquid nitrogen-frozen retinas were immediately placed into 80 ll ice-cold, freshly prepared homogenization buffer A (50 mM Tris-Cl, pH 7.5, 2 mM DTT, 2 mM EDTA, 2 mM EGTA, 5 mg/ml each of leupeptin, aprotinin, pepstatin A and chymostatin, 50 mM potassium fluoride, 50 lM okadaic acid, 5 mM sodium pyrophosphate) and homogenized. The homogenate was centrifuged at 30,000g for 30 min, and the supernatants were collected as cytosolic fractions. The resulting pellets were further solubilized in 80 ll homogenization buffer B (buffer A containing 0.5% Nonidet P-40) on ice before being sonicated and centrifuged at 30,000g for 30 min again. The supernatants were taken as particulate fractions. Both fractions were prepared for membrane translocation analysis. To determine cPKC isoform-specific protein expression levels, frozen retinas were homogenized in 150 ll homogenization buffer C (buffer A containing 2% SDS) on ice and sonicated to extract the whole protein. All procedures were performed at 4°C, and protein concentration was determined by the BCA protein assay (Thermo, Rockford, IL). After normalization, samples were boiled for 5 min and stored at À70°C until use.
Western blot analysis
As described previously Wei et al., 2007) , equal amounts of retinal protein (20 lg from either cytosolic or particulate fractions, and 40 lg from whole homogenates) per lane were loaded on 10% SDS-PAGE gels which contained the broad-range Prestained Protein Marker (NEB, Ipswich, MA). The gels were electrophoresed, and then transferred onto polyvinylidene difluoride (PVDF) membrane (GE Healthcare, UK) at 4°C. After several rinses with TTBS (20 mM Tris-Cl, pH 7.5, 0.15 M NaCl and 0.05% Tween-20), the transferred PVDF membrane was blocked with 10% non-fat milk in TTBS for 1 h and incubated with the primary rabbit polyclonal antibodies against cPKCa, bI, bII and c (Santa Cruz Biotechnology Inc., CA) at a 1:1000 dilution for 3 h. To verify equal loading of protein, the blots were stripped by incubating the membranes for 45 min in stripping buffer containing 62.5 mM Tris-Cl (pH 6.7), 2% SDS and 100 mM 2-mercaptoethanol at 55°C and reprobed with primary monoclonal antibody against b-actin (Sigma-Aldrich Company, St. Louise, MO). The horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse IgG (Stressgen, Canada) were used as second antibodies at a 1:3000 dilution for 1 h incubation. Following incubation with the primary and secondary antibodies, the Enhanced Chemiluminescence (ECL) kit (GE Healthcare, UK) was employed to detect the signals.
Immunostaining analysis
As previous report , rats were anesthetized with pentobarbital sodium (50 mg/kg, i.p.) and perfused transcardially with 0.1 M phosphate-buffered saline (PBS, pH 7.4) followed by 4% paraformaldehyde. After enucleation and removal of the anterior segment, the eyecup was post-fixed with the same fixative for at least 4 h at 4°C, and subsequently washed in PBS. The samples were then cryoprotected in a series of sucrose in PBS (10%, 20% and 30%), embedded in Tissue-Tek OCT compound (Sakura Finetec, Torrance, CA), and vertically cryosectioned at 16-lm thickness with a cryostat (Leica CM1850, Germany). Cryosections that cut through the optic nerve head were collected on coated slides, pre-incubated in PBS containing 5% bovine serum albumin (BSA) and 0.5% Triton X-100 for 1 h at room temperature (RT), and then subsequently incubated in one of primary rabbit polyclonal antibodies against cPKCa and c or a combination of two primary antibodies such as anti-cPKCc and mouse monoclonal anti-neurofilaments heavy chain (NF-H, Sigma-Aldrich, St. Louis, MO) at a 1:200 dilution overnight at 4°C. Following rinses in PBS, sections were incubated for 2 h in secondary antibodies or a mixture for double immunolabeling. Secondary antibodies were either fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit (green color) or rhodamine-labeled goat anti-mouse IgG (red color, Jackson ImmunoResearch, West Grove, PA) at a dilution of 1:400. Control sections were conducted the same way, but primary antibodies were omitted. The sections were then cover-slipped in mounting medium containing DAPI (Vector Laboratories, Burlingame, CA) to visualize cell nuclei (blue color). Fluorescent sections were viewed by confocal laser-scanning microscope (Leica TCS SP2, Germany).
Statistical analysis
Quantitative analysis for immunoblotting was done after scanning of the X-ray film with Quantitative-one software (Gel Doc 2000 imaging system, Bio-Rad, Hercules, CA). To quantitate membrane translocation, the ratio of cPKC isoform (band density in particulate/band densities in both particulate and cytosolic fractions) of naïve control group was normalized to 100%, and IPC and sham-operated groups were expressed as percentages of naïve control group. For the quantitative analysis of cPKC protein expression, the optical density of each band corresponding to cPKC isoforms (from whole tissue homogenate) was normalized to that of b-actin. The protein expression ratio in naïve control group was regarded as 100%, and data from IPC and sham-operated groups were also expressed as percentages of naïve control group. The presented values were expressed as mean ± SE. from at least six independent experiments. Statistical analysis was conducted by one-way analysis of variance followed by all pairwise multiple comparison procedures using Bonferroni test, and the significance was regarded as p < .05.
Results
3.1. cPKC isoform-specific membrane translocation and protein expression in the retina of rat following high IOP-induced IPC As shown in Fig. 1A , cPKCa, bI, bII and c were identified in the retinal homogenates by Western blot at 80, 79, 79 and 78 kDa, respectively. The translocation of cPKCc, not a, bI and bII, from cytosolic to particulate fraction significantly increased with peaking at 40 min (263.2 ± 15.9%, p < .05) from 20 min to 1 h after IPC pretreatment, while no significant changes in the sham group were found when compared with the naïve control group (C: 100%, Fig. 1B) .
For protein expression levels ( Fig. 2A and B) , cPKCc was dramatically up-regulated from 12 to 168 h after IPC pretreatment (157.8 ± 11.0%, 224.6 ± 17.9%, 183.3 ± 22.4% and 123.6 ± 15.3%, p < .05) when compared with the naïve control group (100%). Except cPKCbI and bII, the up-regulation of cPKCa protein levels also persisted from 12 h through 168 h after IPC (129.7 ± 12.2%, 156.3 ± 13.9%, 191.4 ± 11.0% and 135.7 ± 18.3%, p < .05). The enhanced protein expressions of cPKCc and a reached their peak at 24 and 72 h after IPC, respectively. Similarly, no significant changes in cPKC isoform-specific protein expressions of the sham group were found when compared with the naïve control group (Fig. 2B) .
Cellular localization of cPKCa and c in the retina of rat following high IOP-induced IPC
Immunostaining was performed to examine the cellular localization and subcellular distribution of the involved cPKCa and c in the rat retina. In the present study, positive staining of cPKCa was associated with the contour of the somata, axon, dendritic trees and salient lobulated synaptic terminals of a large population of bipolar cells, and a subgroup of amacrine significantly increased 12-168 h after IPC pretreatment, but no significant changes in the sham group were observed when compared with the naive control group (C, 100%). * p < .05, n = 6 for each group. cells (Fig. 3A) . The immunoreactivity of cPKCc was comparatively faint in the perikarya of neurons located in the ganglion cell layer (GCL) (Fig. 3C) . cPKCc co-localization with NF-H, a retinal ganglion cell (RGC) marker, indicated that cPKCc was primarily expressed in the RGCs (Fig. 3E and F) . Furthermore, the Western blot results were confirmed by immunofluorescence staining as the increased protein expressions of cPKCa at 72 h and cPKCc at 24 h after IPC could be observed by the staining intensity (Fig. 3B and D) .
Discussion
A couple of methods are frequently utilized to induce retinal IPC in the animal model: ligation of retinal arteries and elevation of IOP. The former is achieved by directly ligating ophthalmic arteries around the optic nerve. It is technically demanding to avoid damaging axons. High IOP produces global ischemia with obstruction of both the retinal and uveal circulation. This method is of good manageability and can mimic central retinal artery occlusion and acute Fig. 3 . Immunofluorescence staining of cPKCa and c in the retina of rats following high IOP-induced IPC. Vertical cryosections (16-lm thickness) of retina from the sham control (A, C, E and F), 72 h (B) and 24 h (D) after high IOP-induced IPC were stained with primary rabbit polyclonal antibodies against cPKCa (A and B), c (C and D), or a combination of primary rabbit polyclonal anti-cPKCc and mouse monoclonal anti-neurofilament heavy chain (NF-H, E and F) at a 1:200 dilution overnight at 4°C. Following rinses in PBS, sections were incubated with secondary antibodies: fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit (green color) and rhodamine-labeled goat antimouse IgG (red color) at a dilution of 1:400 for 2 h. Nuclei were visualized by using DAPI staining in blue color (E and F). Image F is higher magnification of E, and the arrows in E and F mark a double-positive ganglion cell. GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer; Scale bar = 30 lm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.) angle closure glaucoma. According to previous studies, a transient (5 min) pretreatment by raising IOP to 130 mmHg does not result in histological and functional lesion to the retina (Sakamoto, Kuwagata, Nakahara, & Ishii, 2001; Sakamoto et al., 2004) .
It has been described that IPC is a biphasic phenomenon in the heart and brain (Das & Das, 2008; Stenzel-Poore, Stevens, King, & Simon, 2007) . The two phenotypes differ in the duration and induction mechanism. The early IPC is initiated and wanes rapidly within a few hours, which relates to changes in ion channel permeabilities, protein phosphorylation and other post-translational modifications; the delayed IPC otherwise develops slowly and lasts for several days, which requires gene activation and de novo protein synthesis (Gidday, 2006) . Roth et al. (Roth et al., 1998) reported that early preconditioning does not occur in the retina. The window of opportunity between the IPC and subsequent ischemia is 1-168 h and a 24 or 72 h separation protects the retina functionally and histologically, with a greater degree than any known neuroprotective agent. However, Sakamoto et al. (Sakamoto et al., 2004) later demonstrated that preconditioning 20-40 min before sustained ischemia can completely prevent the retinal ischemic damage. These conflicting reports may stem from varying ischemic models and intensities of insult. Further investigations have provided data to suggest that retinal IPC occurs by mechanisms similar to other parts of the CNS. Brief ischemia activates the adenosine A1 and A2a receptors, which is followed by an increase in expression or activation of PKC, or an opening of ATP-sensitive K + channels (Roth, 2004; Roth, Dreixler, Shaikh, Lee, & Bindokas, 2006; Sakamoto et al., 2001) . Activated PKC phosphorylates unknown effector proteins and triggers signal cascades leading to neuroprotection. Nonspecific PKC inhibitors can attenuate the protection effect in both the early and delayed IPC (Li, Yang, Rosenbaum, & Roth, 2000; Sakamoto et al., 2004) . However, different PKC isoforms complicate the situation and the question regarding PKC isoform-specific role in the event is far from answered. We thereby assessed alterations in the activation and protein level of cPKC isoforms following IPC stimuli, and found that IPC pretreatment stimulates early membrane translocation of cPKCc, and later elevates protein expression of cPKCa and c in the retina of rats.
Activation of cPKCs is related to cell signaling pathways involving changes in cytoplasmic Ca 2+ levels and transmitter release in neurons of CNS. cPKCa is considered as a good molecular marker for rod bipolar cells in the vertebrate retina. Ischemia can activate and downregulate cPKCa in the rabbit retina (Osborne, Wood, & Muller, 1995) , whereas IPC is assumed not to affect cPKCa (Casson, Wood, Melena, Chidlow, & Osborne, 2003) . However, we found that the expression level of cPKCa in rat retina did significantly increase 12-168 h after IPC. cPKCa is prominently expressed in the synaptic terminals of the bipolar cells, which seems to suggest that cPKCa might fulfill its protective function by modulating synaptic contacts with RGCs. cPKCbI and bII are generated by alternative splicing from a single gene (Kawakami, Kawakami, & Kitaura, 2002) . They are mostly expressed in cone bipolar cells, amacrine cells and RGCs in the retina. We recently reported that both of these isoforms are activated in neuroblastoma cells after hypoxic exposure (Li et al., 2006) . There was no subcellular translocation or altered expression of cPKCbI and bII observed in the IPC retina. cPKCc is primarily expressed in the neurons of brain and spinal cord (Saito & Shirai, 2002) . The isoform may thus play a pivotal CNS-specific role in mediating responses to ischemic insult. It is also found in the eye tissues including retina and lens epithelium and cortex (Correia, Duarte, Faro, Pires, & Carvalho, 2003; Saleh, Takemoto, Zoukhri, & Takemoto, 2001 ). The absence of cPKCc in the rat retina has been proved by immunohistochemistry, Western blot, and in situ hybridization (Kosaka, Suzuki, Morii, & Nomura, 1998; Osborne, Barnett, Morris, & Huang, 1992). In our study, nevertheless, cPKCc was actually detected by Western blot and immunostaining methods. Moreover, double-labeled staining showed cPKCc predominantly resided in the RGCs. In order to exclude the nonspecific effect, we used hippocampus and lung as positive and negative controls respectively (data not shown). The results corroborated cPKCc presence in the rat retina. The discrepancy may be explained by the different antibodies or procedures. Although Western blot analysis confirmed early membrane translocation of cPKCc, we did not observe any subcellular redistribution 40 min after IPC by immunofluoresence staining. Lack of correlation between the two methods was probably owing to limitations of the cryosection staining and low levels of antigen present in the retina. Taken together, the striking increases in membrane translocation and expression level of cPKCc demonstrate its possible protective effect on RGCs against ischemic injury. As cPKCc has been implicated in regenerating neuritis and axons (Okajima, Mizoguchi, Tamai, Hirasawa, & Ide, 1995; Tsai et al., 2007) , cPKCc may exert its protective effect by promoting axonal growth after the IPC insult.
In conclusion, we provide new data concerning cPKC isoformspecific membrane translocation and protein expression in the IPC retina of rat. The development of retinal IPC is accompanied by increased cPKCc membrane translocation in the RGCs at the early stage, and enhanced protein expression levels of cPKCa and c at the delayed stage. Studies are underway to identify the protective role of cPKCa and c in the retina against severe ischemic injuries, and their downstream targets. Elucidation of the molecular mechanisms of IPC may lead to the findings in novel strategies for ischemic retinal diseases.
